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Abstract: We present what is to our knowledge the first observation of a 
diffusing-wave-spectroscopy signal recorded in-vivo on the ocular fundus. 
A modified ophthalmic microscope was developed which can acquire 
diffusing-wave-spectroscopy signal from the eye fundus. The diffusing-
wave-spectroscopy signal was recorded in-vivo on a rabbit eye during 
transpupillary thermotherapy. Experimental results show the ability of the 
system to detect motion of the scattering sites in the ocular fundus layers 
during laser thermal heating. 
© 2007 Optical Society of America 
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1.  Introduction 
Diffusing-wave-spectroscopy (DWS) is a technique able to monitor microscopic movements 
in turbid media. The possibility of probing the dynamics of complex fluids and tissues was 
previously reported [1-3]. Practically, DWS extends the utility of dynamic light scattering to 
strongly multiply scattering media [4]. The most fascinating feature of this technique is the 
ability to resolve the molecules motion, e.g. thermal motion and blood flow, in static matrix of 
tissue. 
In this study, we report the first observation of a diffusing-wave-spectroscopy signal 
recorded in-vivo on the ocular fundus of a rabbit eye. The paper first discusses the theoretical 
approach and possible simplification (Section 2) to make possible the consideration of a 
complex tissue such as the ocular fundus. In Section 3, we present the experimental methods 
used to investigate in-vivo diffusing-wave-spectroscopy. To show the sensitivity of the 
method, the study was carried out analyzing the thermal effect of a low-power continuous 
wave infrared laser radiation on a pigmented rabbit retina. Section 4 is devoted to present the 
results obtained. We conclude with a discussion concerning the temperature induced 
vasodynamics of the choroids. 
2. Measuring principle 
A schematic diagram of the measuring principle is shown in Fig. 1. Ocular fundus tissue is 
illuminated by a laser beam. Photons migrate through the tissue and some of them are 
collected at distance R from the illumination point.  
Absorption and scattering are the predominant phenomena governing photons propagation. 
Absorption effects are described by the absorption coefficient 
aμ  whereas scattering effects 
are described by the reduced scattering or transport scattering coefficient 
  
ss g μμ ⋅−= )1(' ,  (1) 
 
where 
sμ  is the scattering coefficient and g is the mean cosine of the scattering angle.  
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The photon transport mean free path l*, defined as  
 
 
1)'(* −+= sal μμ ,  (2) 
 
represents the average distance between scattering or absorption events.  
 
Fig. 1. Photon migration through the ocular fundus tissue. The “banana shaped” light red 
region represents the distribution of photons, which travel through the tissue from the 
illumination to the collection optics. 
 
Ocular fundus consists of four main layers: (i) retina, (ii) retina pigment epithelium (RPE), 
(iii) choroids, and (iv) sclera. Table 1 reports the optical properties of bovine ocular fundus at 
633 nm measured by Hammer et al. [5]. Scattering in these layers is originated by a mixture of 
macromolecules. Some of these molecules are rigidly fixed into the tissue structural matrix, 
whereas others can move. The motion of these molecules depends on various parameters, such 
as shape and size of the molecules, interaction among other molecules, constraints due to 
membranes, and so forth.  
The movement of molecules in the fundus tissue induces a fluctuation of the intensity 
scattered light. In diffusing-wave spectroscopy, these fluctuations are measured and then 
analysed in terms of the electric field autocorrelation function, that, in turn, allows the 
determination of the dimensionless mean-squared displacement of the scattering sites defined 
as: 
 
 )()( 22 ττρ rk Δ= ,  (3) 
 
where k=2π/λ is the wave number of light inside the tissue and )(2 τrΔ  is the mean-squared 
displacement of scattering sites after a time τ [6]. 
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Table 1. Optical properties of bovine retina at 633 nm measured by Hammer et al. [5] 
 
Tissue a
μ  
(mm-1) 
sμ  
(mm-1) 
g 
s'μ  
(mm-1) 
*l
  
 
(mm)  
Retina 0.25 25.00 0.97 0.75 1.00          
RPE 90.00 120.00 0.84 19.20 9.15·10-3 
Choroids 8.00 60.00 0.94 3.60 86.20 ·10-3 
Sclera 0.25 80.00 0.9 8.00 121.21·10-3 
 
The normalized electric field autocorrelation function is given by a weighted average of 
the single-path correlation function [7] according to the photon paths probability density P(s): 
 dsesPg sl
s
∫
Γ
⋅
−
⋅
⋅=
)(*3
1
)()(
)()(
γτρ
τ , (4) 
where Γ represents the space of all possible photon paths s and γ(s) is the length of the generic 
curve s. Eq. (4) assumes that scattering events and particle motions are uncorrelated, and that 
l*(s) is larger than the wavelength of light λ. According to data reported in Table 1, the 
photon transport mean free paths in retina, RPE and choroids are larger than the layer 
thicknesses (few hundreds of microns in total) thus resulting in a quasi-ballistic propagation of 
the photons. Nevertheless, standard approach used in DWS theory, which allows to obtain 
reasonably accurate analytic prediction of the photon paths probability density [3], relies on 
the diffusion approximation to describe energy transport at large length scale, i.e. much longer 
than l*. An alternative approach, suitable to describe fundus photon transport, was presented 
by Lemieux et al. [8] by modelling photon propagation by a telegrapher equation. However, 
exact solution is quite complex for multilayer tissues and to be calculated requires the exact 
knowledge of the boundary conditions and beam characteristics. 
To extract preliminary information from the acquired autocorrelation functions, we 
consider a single path so possible for all the photons. In our rough approximation, we assume 
ballistic motion of the photons through retina, RPE and choroids whereas we assume the 
sclera to be a reflector. Thus the dashed line in Fig. 1 represents the path, named so, for all the 
photons. According to this simplification, the photon paths probability density P(s) is: 
 )()( osssP −= δ , (5) 
where δ represents the unit impulse Dirac function. 
According to Eq. (5) and dividing curve s0 into six segments as shown in Fig. 1, Eq. (4) 
can be rewritten as: 
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where the last equation is derived assuming the optical property and the scatters mobility 
spatially constant in each layer. *il (si)= *il  (i=1,…,6) represent the photon transport mean free 
paths of the retina (i=1,6), RPE (i=2,5) and Choroids (i=3,4) as reported in Table 1. Therefore 
from Eq. (6), the dimensionless mean-squared displacement of the scattering sites can be 
easily calculated as: 
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where curve lengths γ(si) = γi (i=1,2,3) are shown in Fig. 1. 
The motion of the scattering sites is mainly induced by temperature and blood flow. 
Temperature induced motion is typically in the form of Brownian motion, and is suitably 
described by the diffusion coefficient DB of colloids [6]. On the other hand, blood flow in the 
choroidal capillaries, known as choriocapillaris, can be depicted as a Gaussian random flow 
described with mean square velocity 2v [9], i.e. both the speed and direction of the 
molecules flow at any point in space are random variables with Gaussian distribution. Thus 
mean-squared displacement of the moving scatterers is:  
 
( ) ( )[ ]222 6)( τβτατρ vDk B ⋅+⋅⋅⋅= ,                                       (8) 
where α and β represent the probabilities that the photons are scattered by a scattering site in 
Brownian motion or in random flow respectively. Wave number of light inside the tissue k 
can be estimated assuming an average refraction index n=1.4 [10].  
3. Experimental Methods 
3.1  Optical setup 
A picture of the developed system is reported in Fig. 2(a). We modified a commercial 
ophthalmic microscope (BQ900, Haag-Streit AG, Switzerland) equipped with a standard 
therapy laser diode (λ=810nm, Quantel Medical IRIDIS, France). A diaphragm system 
allowed the spot diameter of the treatment laser to be continuously variable from 800µm to 
4100µm. Irradiation time and power were adjusted with a laser controller. A 70/30 beam 
splitter was used to couple probe beam and to collect the scattered light according to Fig. 1.  
A HeNe laser beam was focused into a single-mode fiber. The light at the output of the 
fiber was collimated and coupled to the ophthalmic microscope 70/30 beam splitter by a 
gradient index (GRIN) lens. The resulting collimated beam was aligned to the microscope 
optics for the illumination of the treatment spot region. Collection of scattered radiation was 
performed by a second GRIN lens that focuses the scattered light into a second single mode 
fiber. To detect only the HeNe scattered light, an interference filter was fixed in front of the 
collection GRIN lens. The scattered light was then guided by the single mode fiber to a single 
photon counting module (SPCM-AQR-14-FC, Perkin-Elmer, Québec, Canada). The electrical 
signal from the SPCM was processed by a digital correlator (FLEX99S160B, Correlator.com, 
USA) to acquire the normalized intensity autocorrelation function )(2 τg .  
In the perfectly single-mode case, as realized with the single-mode collection fiber, and 
supposing the normalized electric field autocorrelation function to be a real function, the 
intensity autocorrelation function can be written as [11]:  
 ( ) ( ) ( ) ( )
2
12122 1
1
1
1)( τττ g
h
g
h
hg
+
+
+
+= ,                                  (9) 
the heterodyne parameter h can be expressed as:  
 
d
s
I
Ih =                                                                      (10) 
where sI  and dI  represent the intensity of the scattered light originated from the static 
sites and the temporal average of the intensity of the light scattered by moving scatterers 
respectively. The use of a single-mode receiver assures perfect transverse coherence of the 
received scattered light and, therefore, the heterodyne parameter h can be determined from the 
initial value of the measured correlation function g2(τ) [11].  
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 3.2 Measuring protocol 
Experimental activity was devoted mainly to prove the ability of the system to detect the 
motion of the scattering sites in the ocular fundus layers. The experiment was performed on a 
pigmented rabbit fundus. The animal was anesthetized through intramuscular injection of 
ketamine (50 mg/kg; Ratiopharm, Ulm, Germany) and xylazine (3 mg/kg; BayerVital, 
Leverkusen, Germany). 
The motion of the scattered sites in the right eye fundus was varied using a standard 
ophthalmic treatment procedure known as transpupillary thermotherapy (TTT). Using the near 
infrared therapy laser diode with a power settings of 200 mW, we induced a moderate 
temperature increase (lower than 10°C) of the retinal tissues for a long period (60 seconds). 
The advantage of near infrared light is its deeper chorioretinal penetration compared with 
visible light. In contrast with photocoagulation, one of the features of TTT is that it does not 
change the tissue morphology at the molecular level. Thus TTT is known as a sub-threshold 
procedure [12].  
During the experiment, a Goldmann laser-coated contact lens was put on the rabbit cornea 
to make fundus observation easy by the microscope and to guide the treatment and probe laser 
radiation. The aiming beam of the therapy laser diode (λ=650 nm) was focused on the inferior 
parapapillary region as represented by the green spot in Fig. 2(b). The treated area diameter 
was estimated to be about 4 mm. The collection optics of the DWS system is completely 
described when a laser beam is coupled to the fiber from the detector side [11]. Thus to define 
the collection area, the APD photodiode was substituted by a HeNe laser. The red spots in  
Fig. 2(b) represent the illumination and the collection sites achieved. The distance R between 
illumination and collection spots was estimated to be about 2 mm.  
Immediately before TTT, the SPCM was reconnected to the receiving fiber and three 
autocorrelation functions were acquired in 15 seconds. Next, we started the laser thermal 
treatment. During the 60-second NIR laser exposure, an autocorrelation functions was 
acquired each 5 seconds for a total of 12 readings. After the TTT three autocorrelation 
functions were acquired in 15 seconds. To exclude possible visible alteration of the tissues at 
the end of the treatment, an ophthalmologist observed the eye fundus.  
4. Basic results and discussion 
To evaluate the electric field autocorrelation functions, the eighteen intensity autocorrelation 
functions acquired in-vivo during the experiment were processed according to Eqs. (9) and 
(10). By collecting the three runs before and after the treatment, we confirmed good 
reproducibility of our optical measurements.  
Figure 3(a) shows three examples of function g1(τ) obtained before, after 30 seconds and 
at the end of the laser thermal treatment. The corresponding dimensionless mean-squared 
displacements of the scattering sites calculated according to Eq. (7) are reported in Fig. 3(b).  
Values of distances path lengths is were calculated by considering the measuring 
geometry and the layers thickness of the rabbit fundus reported in literature [13]: retina, RPE 
and choroids thicknesses were set to 160 μm, 4 μm and 65 μm respectively. 
Autocorrelation functions exhibit a similar trend and a common plateau in the delay time 
range (200μs, 1000μs). As one can see, all the curves tend to a constant value in this delay 
time range, and still continue to decrease for τ>1000μs. This shape of the autocorrelation 
function was observed by other researchers in randomly multilayer media with localized flow 
[14, 15]. The two-cells setup experiment proposed by Scheffold et al. [15], suggests a simple 
interpretation of the resulting correlation function in terms of contributions of the individual 
layers. Qualitatively, we can associate the long delay times information with the short 
trajectories of photons. In fact, photons with long trajectories are completely decorrelated at 
long delay times, thus their contribution to the field autocorrelation function is not significant. 
Photons with short trajectories consist of the few photons travelling into the retinal layer 
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without reaching the choroidal capillaries. On the other hand, the contributions at short delay 
times become from all the photons but, as discussed in section 2, the number of photons 
reaching the sclera is dominant, thus the rate of decrease of g1(τ) is mainly determined by 
mean-squared displacements of the scattering sites in the choroids. These considerations agree 
with the experimental results reported by G. Maret and P.E. Wolf [16] and are consistent with 
the theoretical predictions of S.E. Skinpetrov and R. Maynard [17]. 
 
 
(a) 
 
 
(b) 
Fig. 2. Picture of the modified ophthalmic microscope (a); the ophthalmic microscope, the 
30/70 beam splitter and the custom made fiber adapters including the collimation lenses are 
shown. Pigmented rabbit fundus (b). The green spot represents the laser heated area of about 4 
mm in diameter whereas the red spots correspond to the illumination and the collections sites 
of the DWS system.  
 
Therefore, three different delay time intervals with different contributions from the fundus 
layers can be considered. The short delay range (red region in Fig. 3(b)) of the correlation 
function and thus of the dimensionless mean-squared displacements is bounded by the range 
of delay times (1μs, 100μs). The main contributions in this range become from the mean-
squared displacements of the scattering sites in the choroids. In addition to scatterers in 
Brownian motion, the choroids contributes 85% of the ocular blood flow thus, according to 
Eq. (8), )(τρ is expected to be a quadratic function of τ. On the other hand, the long delay 
range (blue region in Fig. 3(b) is bounded by the range of delay times (1ms, 10ms). The main 
contributions in this range become from the mean-squared displacements of the scattering 
sites in the retina. Since the explored retina did not contain vessels, only thermal motion of 
scatteres is present and )(τρ is expected to be linear with τ. As one can see in Fig. 3(b), these 
expectations are confirmed by experimental observations.  
The mean-squared displacements in the short and long delay range were calculated for all 
the acquired autocorrelation functions.  
In the long delay range, we fit a linear function to )(τρ  obtaining the slope BDk ⋅⋅⋅ α26 . 
Assuming α=1, i.e. no random flow, we evaluated the diffusion coefficient BD  of the 
scatterers in the retina reported in Fig. 4(a). The quality of the fitting processes was measured 
in terms of the correlation coefficient (Pearson’s R). This parameter indicates how well the 
calculated curve fits the original data. This value ranges from zero to one. The closer to one, 
the better the fit. 
For the quasi totality of the functions, the fitting correlation coefficient was close to 1. The 
few fittings with correlation coefficient lower than 0.98 were excluded from the analysis. The 
slopes estimated at the different stages of the experiment nicely show as in the retina the 
temperature induced a motion of the scaterers that increases monotonically during the TTT 
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according to the exponential fitting reported in Fig. 4 (R=0.93). The time constant of about 20 
seconds of the exponential fitting agrees with temperature time scale of the retina heating 
reported by other researchers [18]. After treatment, apparently, the diffusion coefficient of the 
scatterers in the retina persists its rising. Time constant and delay involved in the heating 
process could partially justify this point. Nevertheless, as discussed by Mainster and Reichel 
[19] protein conformations during TTT can be temporary or permanently changed. This fact 
could justify the failed baseline recovery of the diffusion coefficient.  
 
 
(a) 
 
 (b) 
Fig. 3. Electric field autocorrelation functions obtained before (●), after 30 seconds (■) and at 
the end (þ) of the thermal laser treatment (a) and the corresponding dimensionless mean-
squared displacements of the scattering sites (b). In the short delay range (red region) the main 
contribution becomes from scattering sites in the choroids whereas in the long delay range 
(blue region) becomes from scattering sites in the retina.  
 
In the short delay range, we fit a quadratic function to )(τρ
 
obtaining the coefficient 
BDk ⋅⋅⋅ α26  and the blood velocity parameter 22 vk ⋅⋅ β  in the choroidal layer. Thus, the 
diffusion coefficient and the Gaussian mean square velocity were calculated including the 
unknown coefficients α and β as reported in Figs. 4(b) and 4(c). For the quasi totality of the 
functions, the fitting correlation coefficient was close to 1. The few fittings with correlation 
coefficient lower than 0.98 were excluded from the analysis. Experimental data reported in 
Figs. 4(b) and 4(c) show large variability respect to their variations. Nevertheless, choroidal 
diffusion coefficient exhibits a well defined trend. Surprising is the fact that this coefficient 
shows a very well defined, sharp step-down in response to the temperature elevation. 
Theoretical and experimental study showed as retina, RPE and choroidal layers after a second 
or two of laser exposure reach roughly the same temperature. Thus the step reduction in the 
diffusion coefficient does not reflect the trend of temperature but different boundary 
conditions or optical properties of the scatterers. As shown in Fig. 4(c), we observed as the 
choroidal blood velocity upon heating of the fundus slightly increased. 
Temperature induced vasodynamics of choroids is known to be complex mechanism [20]. 
The absorption of excess light by the RPE produces heat in the outer retina which has to be 
dissipated if thermal damage is to be avoided. Choroidal blood flow can partially support this 
dissipation mechanism, however if the increase of flow corresponds to an increase of blood 
volume, additional optical absorption due to hemoglobin could reduce the effects of the 
convection heat transportation. Few studies have examined the relation between ocular 
temperature and choroidal blood flow [21-24]. Some researchers report the response to intense 
light in terms of choroidal vasodilatation and flow increasing [25]. According to these studies, 
#77218 - $15.00 USD Received 17 November 2006; revised 17 January 2007; accepted 7 March 2007
(C) 2007 OSA 2 April 2007 / Vol. 15,  No. 7 / OPTICS EXPRESS  4037
vasodilation increases heat removal from the optically heated retina. However, a recent human 
study has shown that choroidal blood flow decreases upon heating of the eye [26]. This 
finding is mainly caused by the decrease in choroidal blood volume that suggests as choroidal 
vasculature may restrict in response to the increase in fundus temperature. This phenomenon 
could be confirmed by our observation in terms of reduction of the choroids diffusion 
coefficient. Our technique does not allow the measurement of the blood flow, thus the 
observed slightly increasing of the choroidal blood velocity could corresponds to a reduction 
of blood flow if the vasoconstriction effect is dominant.  
Note as the above considerations do not take into account possible variations of the 
probabilities that the photons are scattered by a scattering site in Brownian motion or in 
random flow, i.e. parameters α and β.  
 
 (a)  (b) 
 
 (c) 
Fig. 4. Diffusion coefficient of scatterers in the retina (a), diffusion coefficient of the scatterers 
in the choroids (b) and Gaussian mean square velocity of the scatterers in the choroids (c). 
Empty squares represent the data collected during the thermal laser treatment whereas the bold 
squares data were collected before and after the treatment. The solid curve in (a) represents the 
exponential fitting to data whereas the dashed curves in (b) and (c) are guide lines for the eye 
through the experimental points 
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